Climate model projections and observations show a faster rate of warming in the Northern Hemisphere (NH) than the Southern Hemisphere (SH). This asymmetry is partly due to faster rates of warming over the land than the ocean, and partly due to the ocean circulation redistributing heat toward the NH. This study examines the interhemispheric warming asymmetry in an intermediate complexity coupled climate model with eddy-permitting (0.258) ocean resolution, and results are compared with a similar model with coarse (18) ocean resolution. The models use a pole-to-pole 608 wide sector domain in the ocean and a 1208 wide sector in the atmosphere, with Atlantic-like bathymetry and a simple land model. There is a larger high-latitude ocean temperature asymmetry in the 0.258 model compared with the 18 model, both in equilibrated control runs and in response to greenhouse warming. The larger warming asymmetry is caused by greater melting of NH sea ice in the 0.258 model, associated with faster, less viscous boundary currents transporting heat northward. The SH sea ice and heat transport response is relatively insensitive to the resolution change, since the eddy heat transport differences between the models are small compared with the mean flow heat transport. When a wind shift and intensification is applied in these warming scenarios, the warming asymmetry is further enhanced, with greater upwelling of cool water in the Southern Ocean and enhanced warming in the NH. Surface air temperatures show a substantial but lesser degree of high-latitude warming asymmetry, reflecting the sea surface warming patterns over the ocean but warming more symmetrically over the land regions.
Introduction
Global climate models predict greater warming in the Northern Hemisphere (NH) than the Southern Hemisphere (SH) over the twenty-first century in response to increasing greenhouse gases (Friedman et al. 2013 ). Observations of sea surface temperature (SST) warming show a high degree of interhemispheric asymmetry (Morice et al. 2012) , which is reflected in the rapid melting of Arctic sea ice in contrast to a lack of melting of Antarctic sea ice (Blunden and Arndt 2014) . This asymmetry has long been established (Stouffer et al. 1989; Manabe et al. 1991; Flato and Boer 2001) and is due in large part to differences in the land surface area of each hemisphere, since the NH is 39% land covered while the SH is only 19% (National Geophysical Data Center 2006) . The ocean's large heat capacity and its high evaporative cooling imply that it should warm more slowly than the land surface (Sutton et al. 2007 ; Byrne and O'Gorman 2013) and thus create a warming asymmetry. The asymmetry is reinforced by the Antarctic Circumpolar Current (Hutchinson et al. 2013) , which limits ocean heat transport toward the high southern latitudes. Marshall et al. (2014 Marshall et al. ( , 2015 recently argued that much of the asymmetry of SST warming predicted in models from phase 5 of the Coupled Model Intercomparison Project (CMIP5) can be explained by ocean circulation. They applied a globally uniform warming flux of 4 W m 22 over a 100-yr simulation using a global oceanonly model and found a global SST anomaly pattern with striking similarity to the CMIP5 average. It therefore seems likely that the interhemispheric asymmetry of warming is caused in large part by both ocean circulation and faster warming over land. Marshall et al. (2014) also found that ozone forcing causes a temporary cooling of the Southern Ocean due to wind-driven upwelling, whereas in the latter half of the twenty-first century stronger wind forcing creates warming in the Southern Ocean. This transient cooling trend may be enhanced at eddy-permitting ocean resolution (Morrison et al. 2013) due to the fast response of the vertical eddy heat flux induced by stronger winds.
Global climate models suitable for equilibrium integrations remain restricted to the resolution of parameterized ocean eddies, on the order of 18 resolution as in most of the CMIP5 models. There is a growing body of evidence that permitting or resolving eddies will alter the climate's response to atmospheric forcing (Farneti et al. 2010; Spence et al. 2013; Zhang and Vallis 2013) . Furthermore, key oceanic processes that regulate Earth's climate, such as western boundary currents and interocean exchange, are better resolved in highresolution ocean models. Thus we are motivated to examine the impact of a higher-resolution ocean model on the interhemispheric asymmetry of warming, since the response of eddies, stronger boundary currents, and sea ice may depend upon resolution.
Recent progress has been made in simulating a fully coupled climate system at high resolution for greater than 100 years, allowing 23CO 2 warming experiments at 0.258 resolution in the eddy-permitting regime (Delworth et al. 2012 ) and at 0.18 resolution in the eddy-resolving regime (Kirtman et al. 2012; Bryan et al. 2014; Griffies et al. 2015) . These cutting-edge simulations have come at a high computational expense and were not tuned to the same degree as their lowresolution equivalents, nor were they run to equilibrium. Yet, the higher-resolution models have shown climate states strikingly different from their lowerresolution counterparts, raising questions about how these differences can be explained or reconciled between resolutions.
A key difference highlighted by these high-resolution simulations is the sea ice climatology. Kirtman et al. (2012) found a lower sea ice concentration and coverage in the NH at 0.18 resolution than the 18 model, which had a more realistic sea ice climatology. SH sea ice coverage was very similar between the resolutions, leading to a greater degree of asymmetry between the polar climates at high resolution. By contrast, the Delworth et al. (2012) model showed a greater coverage of sea ice at 0.258 resolution. However, parameter changes such as zero prescribed background vertical diffusion and increased ice albedo may have weakened the meridional overturning circulation (MOC) and increased sea ice extent.
A recent ocean-only study (Zhang and Vallis 2013) examined differences in the MOC between coarse, eddypermitting, and eddy-resolving resolutions (28, 0.258, and 0.1258, respectively) . They found a decreased heat transport across the Southern Ocean in the eddy-permitting model, resulting in overly steep isopycnals and a weaker Antarctic Bottom Water (AABW) cell. By contrast, the eddy-resolving simulation had a more realistic stratification and lower overturning cell, as did the coarse model. However, their domain was a flat-bottomed 608 pole-topole sector, with idealized temperature forcing and uniform salinity. Our study examines resolution dependence in a similar domain; however, we include realistic bathymetry and couple the ocean with sea ice, atmosphere, and land components.
While pole-to-pole sector domains are often used in ocean models to make higher-resolution modeling more tractable, the same approach is less common in coupled models of the climate system, where global dynamics are important. One climate model that uses a sector configuration is the intermediate complexity climate model (ICCM) of Farneti and Vallis (2009) , with a 608 wide sector ocean coupled to a 1208 sector atmosphere. This model was designed as a fast-running coarse-resolution climate model to explore a wide range of parameters (Farneti and Vallis 2011) , but it also provides a useful framework for reducing the computational load in a high-resolution coupled climate model. A further benefit is that it allows a comparison between ocean-only sector models (e.g., Zhang and Vallis 2013) and fully coupled climate models that cannot be easily adapted to sector domains.
In this study we use different configurations of the Farneti and Vallis (2009) ICCM to explore the gap between ocean-only sector models and global coupled climate models, at two different horizontal ocean model resolutions. This configuration allows us to simulate the ocean at eddy-permitting (0.258) resolution for 500-yr control runs, enabling a lower degree of drift than many global climate models at this resolution. We compare our results to a coarse-resolution 18 model, with parameterized eddies. We investigate the impact of resolution on the interhemispheric temperature asymmetry and its response to greenhouse warming. We further examine the impact of a poleward shift and intensification of the SH westerly winds on the asymmetry.
Climate model and experiments

a. Model description
The experiments presented here use the intermediate complexity climate model developed by Farneti and Vallis (2009) with several modifications outlined below. The ocean component is the Modular Ocean Model (MOM) version 5.0.2 (Griffies 2012) , in a 608 wide sector domain, spanning from 788S to 758N. The ocean is simulated at two different resolutions, 18 and 0.258 longitudinal spacing, using a Mercator grid refinement in the latitudinal spacing. Both resolutions use z* vertical coordinates with 50 levels to a depth of 5500 m and varying vertical resolution from 10 m at the surface to 210 m at depth.
The ocean coastlines and bathymetry use a modified Atlantic-like topography, derived from a realistic global ocean model, as described in Snow et al. (2015) . The bathymetry is constructed via dilation and contraction of terrain contained within two piecewise linear boundaries to fit a 608 wide sector. The boundaries are chosen to be mainly over land bordering the Atlantic Ocean, producing sidewalls everywhere except for a zonally unbounded channel through Drake Passage to allow a flow analogous to the Antarctic Circumpolar Current (ACC). The sea ice model is the Sea Ice Simulator in the standard MOM distribution, and uses the same horizontal grid as the ocean model.
The atmosphere is a B-grid dynamical model, spanning a 1208 sector and latitudes from 848S to 848N, with a horizontal resolution of 28 latitude 3 28 longitude and seven vertical levels. The atmosphere employs a simplified gray radiation model, with no seasonal or diurnal cycle, and no explicit greenhouse gas or cloud schemes. Outside of the ocean sector, a simple land model is coupled to the atmosphere. As described in Farneti and Vallis (2009) , the land model uses a ''bucket'' soil water scheme, with constant values of water availability and heat capacity. When precipitation exceeds the water capacity, idealized rivers redistribute runoff back into the ocean using a basin map. This scheme allows closure of the water budget within the coupled model. There is no orography, and all precipitated water stays in liquid form. Coupling of the model components is implemented through the Geophysical Fluid Dynamics Laboratory Flexible Modeling System. A schematic diagram of the ICCM sector domain can be found in Fig. 1 of Farneti and Vallis (2009) .
The different horizontal resolutions allow a comparison of coupled climate simulations between parameterized and permitted ocean eddies. In the 18 model, we use the Gent and McWilliams (1990) eddy parameterization as implemented by Griffies (1998) , using a constant coefficient of 600 m 2 s 21 , while in the 0.258 model no eddy parameterization is used. In the mixed layer at both resolutions, we use the submesoscale eddy parameterization of Fox-Kemper et al. (2008) and the K profile parameterization (KPP) boundary layer mixing scheme of Large et al. (1994) . We use the interior gravity wave-induced mixing scheme of Simmons et al. (2004) and the coastal tide mixing scheme of Lee et al. (2006) . The background vertical diffusivity is set to 5 3 10 25 m 2 s 21 , which is higher than estimates from observations, but forces an overturning circulation similar in magnitude to that of the global ocean (section 3e). For a discussion on the sensitivity of the ICCM to vertical diffusivity, see Farneti and Vallis (2009) .
b. Calibration of radiative forcing
Because of the gray radiation scheme used in the ICCM, no explicit representation of greenhouse gases is possible. To emulate the effects of increasing greenhouse gases, we adjust the infrared optical depth as a proxy for greenhouse gas radiative forcing. The model contains an analytic profile of longwave optical depth (Frierson et al. 2006) , where the dimensionless surface optical depth t 0 is given by
where t 0e 5 6:0 and t 0p 5 1:5 are the surface values at the equator and pole, respectively, and u is the latitude. The vertical structure of optical depth is given by
where p and p s are the pressure at the model level and the surface respectively, and f l 5 0:1 is a parameter that allows shorter relaxation times in the stratosphere. This optical depth profile is designed to represent the greenhouse effect of water vapor in the atmosphere, which is strongest in the tropics, decreases toward the poles, and decays rapidly with height (Frierson et al. 2006) . We implemented radiative forcing by increasing t 0e and t 0p in proportion to their original values, which keeps the shape of the optical depth profile the same. The rationale for this choice is that although greenhouse gases cause global radiative forcing, the water vapor feedback follows a similar profile to the original distribution.
To achieve the equivalent radiative forcing of a 23CO 2 scenario, we calibrated the optical depth parameters to give an increase in radiative forcing of 8 W m 22 . This value was chosen to represent 4 W m 22 of direct radiative forcing from doubling CO 2 concentration, plus a further 4 W m 22 to represent the water vapor feedback (Myhre et al. 2013) , which would otherwise be missing in this model. To calibrate this forcing, a set of five perturbation tests were initiated from a spun-up state and run for 1 day with increases in the optical depth of 0%, 5%, 10%, 15%, and 20%. In each case, the global mean outgoing longwave radiation (OLR) was computed and the anomaly from the 0% case is shown in Fig. 1 . The near-instantaneous deficit in OLR approximately equals the radiative forcing from the optical depth change (e.g., Pierrehumbert 2010). The percentage change associated with an 8 W m 22 forcing was found to be 16.2% using linear regression. Finally, to emulate a 1% per year increase in CO 2 , the optical depth was increased by 0.215% per year, so that it reached the 23CO 2 value of 16.2% at year 70, after which it was held fixed.
c. Wind stress forcing
The default configuration of the ICCM yields midlatitude westerly winds that are nearly symmetric about the equator, being too weak in the Southern Hemisphere and with an equatorward bias compared with observations (Farneti and Vallis 2009 ). This wind stress profile was partially corrected in this model by adjusting the land surface roughness in the SH. A shorter roughness length results in a lower drag coefficient, as given by Eqs. (12)-(14) of Frierson et al. (2006) . We used a land surface roughness length of z 0 5 0:1 m everywhere in the domain, except between the latitudes of 408 to 708S where the roughness length was lowered to z 0 5 1:0 3 10 24 m. This adjustment yielded a more realistic position and strength of the SH surface westerly winds, although the peak magnitude is still lower than observed values. The improved wind stress profile is shown in Fig. 2a , compared with the default symmetric profile and an observational dataset.
In the warming experiments presented here, we found that the midlatitude SH westerly wind stress peak increased by 5% and 6% in the 18 and 0.258 models respectively. In the 18 model the peak location shifted equatorward from 52.38 to 51.68S, while in the 0.258 model the peak location remained steady at 52.38S. This evolution does not agree with the poleward wind shift found in most global climate model projections (Barnes and Polvani 2013) . The difference is partly due to the gray radiation scheme employed here, which does not include ozone or an explicit representation of greenhouse gases. Ozone depletion and CO 2 forcing can both cause cooling of the polar stratosphere, which in turn leads to a poleward shift of the westerly winds (Polvani and Kushner 2002; Barnes and Polvani 2013) . These effects are not captured by the radiative forcing method we have used to emulate a CO 2 perturbation in the troposphere. Nevertheless, there remains uncertainty over the relative roles of greenhouse gases and ozone in the observed and projected poleward shift of the westerly winds (Kidston and Gerber 2010; Thompson et al. 2011) . It is therefore useful to examine warming scenarios both with and without a poleward shift and intensification of the westerly winds.
To simulate the impact of a poleward shift of the westerly winds on the ocean circulation, we apply a correction to the wind stress field as shown in Figs. 2b and 2c. This correction is referred to as a ''wind override'' and consists of a perturbation in the Southern Hemisphere only, with a zonally uniform pattern, which increases the peak zonal mean wind stress from approximately 0.1 to 0.15 N m 22 [a similar perturbation to that in Delworth and Zeng (2008) ]. The wind override is applied both with and without radiative forcing. In the 18 model, the wind override shifts the wind stress peak southward from 52.38 to 54.18S in the control case, and from 51.68 to 52.98S in the 23CO 2 case. In the 0.258 model, the wind stress peak shifts from 52.38 to 54.18S in both the control and 23CO 2 cases. The position of the wind stress maximum cannot be explicitly controlled, since the winds are freely evolving. However, the wind override experiments provide a much larger change to the Southern Ocean wind stress than the differences between the control and 23CO 2 runs, as shown in Figs. 2b and 2c.
d. Summary of experiments
The 18 model was equilibrated for 1000 years after the model parameters were finalized. The ocean temperature and salinity restart file at year 500 was interpolated onto the 0.258 grid and spun up from zero velocity for a further 500 years. These equilibrated states were used to initiate perturbation experiments and parallel control runs. In each case we subtract the control run from the perturbation run to remove model drift.
We present four experiments at each resolution, and define shorthand for these experiments below. All experiments are initiated from the same equilibrated state, and run for 90 years: 1) Control (no perturbation); 2) 23CO 2 : where our equivalent CO 2 was increased by 1% per year until doubling at year 70 and then held fixed; 3) wind override: a wind shift and intensification perturbation, with a linearly increasing magnitude until year 70 and then held fixed; and 4) 23CO 2 wind override: combined perturbations of the 23CO 2 and wind override experiments. We add the prefix 18 or 0.258 to this shorthand to denote the ocean model resolution.
Warming response a. Control climates
The control states of both the 18 and 0.258 models have a substantial interhemispheric temperature asymmetry. The land-ocean ratio is very similar between the hemispheres; the NH and SH are 61% and 59% land covered respectively. The land distribution and the largely symmetric atmosphere forcing ensure that the ocean circulation is the key mechanism that creates the asymmetry. The interhemispheric temperature (NH 2 SH) difference is 2.198C and 1.258C for SST and surface air temperature (SAT) respectively in the 18 control run, and 2.728 and 1.958C for SST and SAT in the 0.258 control run. This asymmetry compares with an interhemispheric SST difference of 3.638C from an observational climatology (Locarnini et al. 2010) .
A comparison of the control run surface climates is shown in Fig. 3 . There is a significant increase in the interhemispheric temperature asymmetry when moving from 18 to 0.258 ocean resolution. The difference is greatest in the northern high latitudes, where warmer SST penetrates farther toward the poles. The SAT difference is greatest over the northern edge of the ocean basin, but there is also a warmer SAT over the mid-and high-latitude land regions. The Southern Hemisphere SST and SAT are more similar between the resolutions. These differences are closely linked to sea ice differences between the models, which are discussed in section 3c. The asymmetries we present in the perturbation runs are in addition to a substantial asymmetry in the mean state.
b. Surface and deep warming
Both the 18 and the 0.258 simulations show a strong asymmetry of warming in the Atlantic configuration. Figure 4 shows the SST and SAT anomaly pattern in years 71-90 of the 23CO 2 run, differenced from the same period of the control run. In the 18 model there is a region around 608N where SST warms by up to 58C (Fig. 4a ). This warming is associated with a high rate of melting of Arctic sea ice. North of approximately 658N there is a region of suppressed warming, where sea ice persists in the 23CO 2 state. The 0.258 SST (Fig. 4b) shows a similar pattern of warming in most regions, except that the warming extends throughout nearly all of the North Atlantic. The patterns of SST warming project strongly onto the northern high-latitude SAT warming patterns (Figs. 4d,e). SAT warming is enhanced over the Arctic in the 0.258 model compared with the 18 model, due to the greater sea ice melting and highlatitude SST warming. Differences in SST and SAT warming between the resolutions are shown in Figs. 4c and 4f.
The Antarctic warming is markedly lower than the Arctic warming in both simulations. Sea ice melt in the SH is relatively low through the 23CO 2 runs and there is very little (;0.18C) warming of SST poleward of 608S in either scenario. There remains polar amplification of the SH SAT warming pattern; however, its magnitude is 38C lower over the Southern Ocean than the over the NH ocean at the same latitudes. The SH warming pattern is relatively insensitive to the change in resolution. This result suggests that the parameterized and permitted eddy regimes perform similarly well in simulating the surface warming of the Southern Ocean.
The zonal mean temperature anomaly at depth in each of the models is shown in Fig. 5 . The warming anomaly is generally less than 0.58C below the top 1 km, except in the northern high-latitude deep water formation region. The enhanced warming in the northern high latitudes extends to the edge of the domain in the 0.258 model, whereas in the 18 model the warming signal becomes weaker north of 658N. In addition, there is a stronger warming signal in the top 500 m at around 508-558N in the 18 model, associated with the melting of sea ice at lower latitudes in this model. Deep warming south of 608S is slightly stronger in the 0.258 model, but is generally less than 0.58C at all depths.
c. Sea ice response
The sea ice climatology is sensitive to the change in resolution (Fig. 6 ). In the 18 model, the NH sea ice is thicker and covers a greater area than in the 0.258 model in the control simulation. By contrast, the SH sea ice distribution and thickness is similar at both resolutions, with a moderate melt back of SH sea ice at the end of the 23CO 2 run. By the end of the 23CO 2 run, NH sea ice in the 0.258 model melts almost completely (Fig. 6d ). This in turn leads to increased radiative forcing of the highlatitude ocean and a larger SST response. In contrast, NH sea ice in the 18 model melts to a lesser extent (Fig. 6b) , and most of the ocean north of 658N remains covered by ice. The NH sea ice extent at the end of the 18 23CO 2 run is similar to that of the 0.258 control run.
Because of the major role sea ice plays in the asymmetric warming response, additional experiments are performed in an attempt to decouple the feedback from ice melting. In these experiments, sea ice from the control run is output at monthly resolution for the 90-yr period analyzed here, and additional runs based on the control and 23CO 2 runs are performed in which sea ice is restored toward the control run sea ice evolution. This restoring perturbs the circulation of both runs, with North Atlantic Deep Water (NADW) and AABW formation weakening due to the altered fluxes at their formation regions. Figure 7 shows the SST warming response of the ice-restored 23CO 2 run minus the icerestored control run. We also show the difference between the 23CO 2 warming anomaly (shown in Fig. 4 ) and the ice restored 23CO 2 anomaly.
With sea ice restoring, the polar warming of SST is greatly damped, especially in the NH. In the region of the Gulf Stream, there is a cooling of up to 28C (Figs. 7a,b) , which is likely due to a large reduction of NADW formation in the ice restored warming run. The strong warming signal poleward of 508N in the 23CO 2 run largely disappears. In the SH, the warming signal is also damped by the ice restoring, but since the change in SH sea ice extent is much smaller, the SH warming signal is less perturbed by the ice restoring. Away from the ice region, the warming signal is largely unchanged, with around 1.58C warming of SST between 408N and 408S.
The ice-restoring results contrast with Marshall et al. (2014 Marshall et al. ( , 2015 , who found a strong SST asymmetry in warming simulations where sea ice was not allowed to melt. However, they used an ocean-only model in which sea ice was held fixed, and equilibrated their model in that state. Our configuration differs in that sea ice continues to evolve and is simultaneously restored toward a control state. In our model, the restoring damps any warming that is advected into the ice region, and greater warming results in stronger damping. Nevertheless, the ice restoring results confirm that sea ice melting is of first-order importance in setting the high-latitude asymmetry. We argue that the heat transported by warm boundary currents is the underlying cause of asymmetry between the NH and SH sea ice responses.
d. Boundary currents
The Southern Ocean's response to external forcing is expected to change at higher resolution, due to effects such as eddy compensation and eddy saturation (Farneti et al. 2010; Morrison and Hogg 2013; Munday et al. 2013 ). However, we find that the Southern Ocean SST and sea ice respond similarly between the resolutions. Rather than transient eddy effects, our results suggest that better resolution of the mean boundary currents causes the greatest change. Figure 8 shows 20-yr averages of the ocean surface speed in the North Atlantic region for the (a) 18 and (b) 0.258 model control runs. In the 0.258 model, the boundary currents are faster on average and more tightly confined to the edge of the basins, while in the 18 simulation they are broader, slower, and more viscous. These boundary currents penetrate farther north in the high latitudes of the domain in the 0.258 model, bringing warm water farther into the ice region and enhancing sea ice melt. resolution Ocean Surface Current Analyses-Real time (OSCAR) dataset (Bonjean and Lagerloef 2002) . These observations demonstrate the greater fidelity of the 0.258 model velocities, although some features such as the boundary currents around the south of Greenland and the Labrador Sea are still weaker than observed values. We compare the poleward heat transport (PHT) of the boundary currents between the resolutions by calculating cumulative integrals of PHT from west to east at 308 and 608N, in the top 200 m (Fig. 8d ). These integrals reveal that the western boundary current at 308N has a larger peak value of PHT in the 0.258 model (0.95 PW) than the 18 model (0.79 PW), and that the heat transported by the eastern boundary currents is larger in the 0.258 model at both 308 and 608N.
e. Meridional overturning circulation
The meridional overturning circulation in the control and 23CO 2 runs is shown for both models in Fig. 9 . The MOC has been computed online in latitudedensity coordinates, and then reprojected to latitudedepth coordinates. This method removes the Deacon cell component of the MOC to give a clearer picture of the residual circulation. The structure of the MOC is similar between the simulations, however the magnitude of overturning in both the North Atlantic Deep Water cell and the Antarctic Bottom Water cell are greater in the 0.258 model. In the control runs, NADW penetrates deeper in the 18 model than the 0.258 model (about 2.5 km compared with 1.5 km). This deeper penetration occurs at around 608N, before returning to less than 2 km southward of 508N. In the 23CO 2 runs, NADW formation shoals in both the 18 and 0.258 models, as shown in the MOC difference plots of Figs. 9c and 9f. In the 18 model the peak value of NADW formation is 12.0 Sv (1 Sv [ 10 6 m 3 s 21 ) in the control and remains steady at the same value in the 23CO 2 run, while in the 0.258 model NADW weakens from 15.0 to 13.5 Sv in the 23CO 2 run. The sensitivity of NADW formation to warming is weaker than in most CMIP5 models (Drijfhout et al. 2012) , although there is considerable intermodel spread across the CMIP5 ensemble. The weak sensitivity in our model may be due to the strong vertical diffusion maintaining this cell (discussed in section 2a) or to the lack of other ocean basins, since the Atlantic Ocean heat budget is influenced by thermal forcing from other basins (e.g., Lee et al. 2011 ). Unlike NADW, there is a strong decrease in AABW, from 8.8 to 1.9 Sv in the 18 model and from 6.9 Sv to 2.7 Sv in the 0.258 model. There is also an increase in Southern Ocean upwelling of NADW in the 23CO 2 run.
The MOC plots presented in Fig. 9 have been filtered to reduce noise near the equator. Without this filtering, the MOC contained small cells of 1-2 Sv of alternating orientation within a few degrees of the equator. These alternating cells are sensitive to the number of density bins used in the online overturning diagnostic calculation. We use 160 density bins compared with only 50 vertical levels in the model, in order to better resolve the AABW cell, whereas the apparent noise is reduced when only 80 bins are used. We applied a three-point mean filter along the density coordinate within 6208 latitude, between the density bins corresponding to depths of approximately 200 to 3000 m. The cells may be partly due to weak computational upwelling modes as in Weaver and Sarachik (1990) , since the vertical velocities are relatively high about the equator and there is no enhancement of the horizontal or vertical viscosity in this region. The noise might be reduced either by imposing a higher viscosity about the equator or by enhancing the vertical resolution. Several recent studies have also found sharp gradients in the MOC near the equator at eddy-permitting or -resolving resolution (Farneti et al. 2010; Delworth et al. 2012; Zhang and Vallis 2013) . Since this study is mainly focused on the high-latitude response of the climate, the MOC presented here is suitable for this purpose.
f. Poleward heat transport
Poleward heat transport for the atmosphere and ocean is shown in Fig. 10 , with the atmosphere and ocean components marked as AHT and OHT respectively. In the control simulations of both models, the total PHT is greater in the NH (peak of 1.7-1.8 PW) than in the SH (peak of 1.4-1.5 PW). The OHT is strongly northward in the NH (0.5-0.6 PW) and slightly southward (,0.1 PW) in the SH. The AHT partly compensates for this difference in OHT, as the AHT is about 0.2 PW stronger in the SH than the NH. This compensation is not total, implying that OHT is a major factor in the asymmetry of the control climate.
In the 23CO 2 runs, the asymmetry in OHT increases at both resolutions, as shown in Figs. 10c and 10d . The change in OHT is positive at all latitudes in the 18 model and almost all latitudes in the 0.258 model. The AHT change in the 23CO 2 run is of opposite sign and greater magnitude in the SH. The peak changes in PHT in the 18 model are 0.07 PW in the NH and 20.04 PW in the SH, whereas in the 0.258 model the peak changes are 0.06 PW in the NH and 20.06 PW in the SH. Thus the overall asymmetry in PHT increases in the 18 model but remains steady in the 0.258 model in response to radiative forcing.
Ocean poleward heat transport is decomposed into its mean and eddy components in Fig. 11 . In the 18 model, eddy heat transport is smaller than the mean flow component throughout most of the ocean. It is only in the Southern Ocean from about 508-608S that the eddy component is comparable in size to the advective component. In the NH midlatitudes there is also a local maximum of poleward eddy heat flux, but it is small compared to the advective component in that region. The 0.258 model has explicit (albeit partially resolved) eddy heat fluxes and no eddy parameterization, so we derive the eddy heat transport from the velocity and temperature fields directly. We calculate the mean heat transport from the annual average and the eddy component from the residual anomaly transport calculated from 5-day averages of temperature and velocity. This decomposition treats standing eddies and jets as part of the mean flow, and only the transient eddies contribute to the eddy heat flux. Eddy heat transport in the 0.258 model is similar to that of the 18 model, except in the tropical band within 6158 latitude. Outside this region, eddy heat transport in the 0.258 is generally smaller in magnitude than the 18 model, and follows a similar latitudinal structure. Although our model does not fully resolve eddies, these results are consistent with Bryan et al. (2014) , who found that the main differences in heat transport between their coarse and eddy-resolving models were due to the mean flow rather than transient eddies. The increase in OHT in both simulations consists mainly of the mean flow.
The key difference in OHT between the simulations is in the northern middle to high latitudes. The overall pattern of OHT is similar at both resolutions, while its peak value, centered around 108-308N, is approximately 0.1 PW higher in the 0.258 model than the 18 model. The
OHT in the 18 model is close to zero (,0.01 PW) northward of about 658N, whereas it remains above 0.05 PW up to around 718N in the 0.258 model, and only falls to nearzero values at the edge of the domain. These differences in the high-latitude OHT are largely due to stronger boundary currents at the higher resolution, which result in considerable differences in the sea ice climatology.
Wind override response
In this section we present the results of experiments with a transient wind override applied. Although several previous studies have applied a wind perturbation as a step change (Delworth and Zeng 2008; Marshall et al. 2014) , we aim to emulate the effects of a transient change to the wind field. The perturbation patterns are linearly increased from year 1 to year 70 and held fixed thereafter, in line with the transient increase in radiative forcing applied over the same period. The perturbation pattern is shown with the zonal wind stress from the control and 23CO 2 runs in Figs. 2b and 2c. 
a. Surface and deep warming
We show the SST anomaly induced by the wind override both with and without the 23CO 2 radiative Fig. 12 . In the wind override run, there is a clear warming trend through most of the North Atlantic, especially around 508-608N. In the SH midlatitudes, there are both positive and negative signals. There is a cooling trend along the western boundary current of the SH subtropical gyre, and a warming trend on the southern edge of this boundary current. These trends are likely due to the intensification and southward shift of the gyre in response to the wind override. The warming signal at the southern edge of the boundary current extends east into the interior of the basin, due to the ACC transporting the warmer water eastward. There is also a cooling signal in the southeastern corner of the domain, which we attribute to greater upwelling and Ekman transport in the Southern Ocean, bringing deep water to the surface and exporting cool water northward.
In the 23CO 2 wind override runs, the pattern is similar to that of the wind override runs, with warming of the North Atlantic and similar alternate signal trends in the SH. The main differences in the 23CO 2 wind override runs are that the NH warming perturbation (compared to the 23CO 2 run) is weaker and the SH cooling trend is stronger. There appears to be a larger region of the Southern Ocean that is cooled by enhanced Ekman transport, and the warming trend in the NH high latitudes is reduced. However, the wind override increases the temperature asymmetry both with and without radiative forcing. Sea ice thickness decreases near the Antarctic Peninsula and near the northern boundary of the domain in the wind override runs. These changes mainly occur away from the ice edge, so that sea ice extent remains similar to the control and 23CO 2 runs (not shown).
The zonal mean temperature anomaly at depth induced by the wind override is shown in Fig. 13 , with the anomalies in plots derived in the same manner as in Fig. 12 . In the 18 cases, there is a strong cooling signature in the top 1 km from 508 to 608S, of order 18C in the wind override and 0.58C in the 23CO 2 wind override run. This cooling is likely due to the enhanced upwelling and northward export of cooler water. Poleward of 508S there is a weaker cooling trend extending to full depth. The North Atlantic shows a warming trend mainly in the top 1 km, which is stronger in the wind override run but also present in the 23CO 2 wind override run. Most of the ocean below 1 km north of 408S warms slightly (08-0.18C), which is likely due to an increase in Southern Ocean upwelling (section 4b).
The 0.258 model shows similar patterns of high-latitude deep warming to the 18 model. The North Atlantic warms in the top 1 km, and the Southern Ocean cools throughout the ocean depth poleward of 608S. The cooling signal in the top 1 km of the Southern Ocean is weaker than in the 18 model. This weakening may be due to partial eddy compensation in the 0.258 model, while the effect is weaker in the 18 model. In the 23CO 2 run, there is a reduced deep warming in the top 1 km north of 658N, which is also reflected in the SST response (Fig. 12) .
b. Meridional overturning circulation
The MOC in the wind override runs is shown in Fig. 14, reprojected from latitude-density space into latitude-depth space as in Fig. 9 . The 18 wind override run has an enhanced AABW cell compared with the control run with an increase of about 5.5 Sv in peak magnitude south of 558S. In the 23CO 2 wind override run, AABW formation is reduced but remains 0.7 Sv stronger than in the 23CO 2 run. In the 0.258 wind override run, AABW formation is enhanced by 1.5 Sv compared with the control run, while in the 23CO 2 wind override run AABW weakens, but is approximately 0.4 Sv stronger than in the 23CO 2 run. AABW formation is therefore less sensitive to the wind override in our eddy-permitting model than in the parameterized eddy regime.
The increase in AABW in the 18 model is likely a result of Ekman transport increasing the isopycnal slope, combined with enhanced upwelling of the lower cell of the MOC, consistent with Delworth and Zeng (2008) . The reduced sensitivity of AABW formation in the 0.258 model may be due to eddy compensation, whereby the northward Ekman transport induced by the wind override is partially compensated by a southward eddy-induced transport. In the 18 model we do not employ a spatially variable eddy parameterization, which can enhance eddy compensation in coarseresolution models (Farneti and Gent 2011) . Despite this difference, the surface temperature anomaly patterns in response to the wind override are similar between the resolutions.
NADW is enhanced in the wind override runs but retains a similar magnitude and structure. In the 18 wind override run, NADW peak magnitude north of 458N is 1.2 Sv stronger than in the control run, whereas in the 23CO 2 wind override run it is 0.1 Sv weaker than in the 23CO 2 run. In the 0.258 wind override run, NADW peak magnitude is 0.6 Sv stronger than in the control run, while in the 23CO 2 wind override run it is 0.5 Sv stronger than in the 23CO 2 run. When the MOC is measured in latitude-depth space (not shown), NADW formation is about 1 Sv stronger in the wind override runs than in the control and 23CO 2 runs, and the Southern Ocean Deacon cell is enhanced by about 2 Sv. The strengthening of NADW formation and enhanced Southern Ocean upwelling causes some of the enhanced warming asymmetry in the wind override runs.
c. Summary of asymmetry
We derive indices of the interhemispheric temperature asymmetry by taking the hemisphere mean temperature difference, and the 6458-to-pole and 6608to-pole mean differences, for SST and SAT. Time series of the 6458-to-pole and 6608-to-pole indices are plotted in Fig. 15 , showing a strong warming asymmetry in the high-latitude SST response at both resolutions. There is also a strong asymmetry in SAT warming at high latitudes in the 18 case, but less so in the 0.258 case. The smaller signal of high-latitude SAT asymmetry is likely due to the near-symmetric landmasses, and the compensation of atmospheric poleward heat transport against the increased ocean poleward heat transport. Each of these indices has had the corresponding control run index subtracted, and the result filtered using a 9-yr running average, to focus on the low-frequency signal. The hemisphere-wide asymmetry (not shown) is weaker, since the tropical warming response is largely symmetric and covers a larger surface area than the 6458to-pole region.
To summarize these indices, the time-averaged temperature asymmetry indices from the control and perturbation runs are shown in Fig. 16 . The radiative forcing and wind override both increase the asymmetry in the high-latitude warming, while radiative forcing has a significantly larger effect than the wind override. These indices also highlight the major interhemispheric temperature asymmetries in the control runs, which are larger in the 0.258 model than in the 18 model.
Discussion
In all of the experiments presented here, we find a strong interhemispheric asymmetry in high-latitude warming. In this model the land-ocean ratio is approximately the same at all latitudes, and the atmospheric forcing is largely symmetric, due to the simplified gray radiation scheme. Thus the primary source of asymmetry is the existence of an ACC in the Southern Ocean, versus the gyre circulation in the NH. We infer that the asymmetry of warming in this model is governed by ocean circulation. This result agrees with the findings of Marshall et al. (2014) , who found that most of the interhemispheric asymmetry of SST warming predicted in CMIP5 models can be explained by the ocean circulation redistributing a uniform heat flux perturbation.
One of the aims of this study was to establish whether the inclusion of explicit eddy heat fluxes, especially in the Southern Ocean, would substantially change the pattern of warming found in the coarse-resolution model. We found that poleward eddy heat fluxes were generally small compared to the mean flow, and that the Southern Ocean warming pattern was not sensitive to the resolution change. While our model does not fully resolve eddies, the insensitivity of heat fluxes in the Southern Ocean to the resolution change is consistent with the eddy-resolving model of Bryan et al. (2014) . However, we did find a substantial sensitivity to resolution in the heat fluxes of boundary currents. The 0.258 simulations had stronger warming and sea ice melt in the North Atlantic, which was likely caused by higher velocities and better resolved boundary currents.
The stronger boundary currents in the 0.258 model created a large difference in the NH sea ice response. We found that in the eddy-permitting regime, NH sea ice was thinner and covered a smaller area in the control simulations, and melted almost completely by the end of the 23CO 2 run. By contrast in the 18 model, NH sea ice FIG. 15. Warming asymmetry (8C) showing the 458-pole and 608-pole mean difference for SST and SAT in the (a) 18 23CO 2 run, (b) 0.258 23CO 2 run, (c) 18 23CO 2 wind override run, and (d) 0.258 23CO 2 wind override run. In each case the control run has been subtracted, and the time series then filtered using a 9-yr running mean. covered a larger area in the control runs, and a substantial amount of ice remained at the end of the 23CO 2 run. The SH sea ice was greater in extent and thickness and exhibited less melting in response to radiative forcing. This result was robust across the different resolutions, suggesting that the SH climate response was well captured at the coarser resolution. The resolution sensitivity of sea ice between our 18 and 0.258 models is similar to that found in an eddy-resolving coupled climate model (Kirtman et al. 2012; Bryan et al. 2014) , where the decline in Arctic sea ice was greater in the 0.18 model compared with a 18 resolution ocean model, but there was little dependence on resolution of the SH sea ice response.
Sea ice differences between the resolutions could perhaps be reduced by tuning the sea ice albedo. For example Delworth et al. (2012) raised the ice albedo and lowered the vertical diffusion when moving from coarse to eddy-permitting ocean resolution to obtain a more realistic sea ice climatology. While this kind of tuning might have made the NH sea ice extent more comparable between our 18 and 0.258 models, such a change would likely increase the SH sea ice extent, thereby creating a new disparity between the resolutions. Our study is focused on processes that differ between the resolutions, rather than obtaining the most realistic climatology, so tuning of the ice albedo and vertical diffusion are beyond the scope of this study.
Our model allows us to compare warming scenarios both with and without a poleward shift of the westerly winds, due to the nearly steady position of the westerly winds under radiative forcing perturbations. Adding a wind shift and intensification to the model leads to cooling of the surface Southern Ocean and warming of the North Atlantic [consistent with the findings of Toggweiler and Samuels (1998) , Delworth and Zeng (2008) , and Sijp and England (2009) ], leading to an overall greater magnitude of interhemispheric warming asymmetry. The wind override causes a larger change in temperature asymmetry when no radiative forcing is applied. In particular, AABW formation is substantially increased when the wind override is applied to the control state, but in the 23CO 2 state AABW weakens both with and without the wind override.
This wind stress profile in the ICCM contrasts with that of Enderton and Marshall (2009) , who used an aquaplanet model with narrow land barriers to simulate the effect of a Drake Passage throughflow in an otherwise symmetric world. In their case, having an open Drake Passage versus a closed basin created a stronger and more poleward SH westerly wind stress and a significant reduction in surface air temperature. However, in their aquaplanet model the SAT closely mirrors the SST at all locations, and therefore the thermal wind balance of the atmosphere is strongly constrained by lower SST in the SH high latitudes. Our model's SAT is also influenced by the land surface, which has limited interhemispheric asymmetry and allows the atmosphere temperature to be more symmetric than in the Enderton and Marshall (2009) There remain uncertainties over how the westerly wind position will evolve, despite the consistent poleward shift found in CMIP5 projections (Barnes and Polvani 2013) . Idealized atmosphere experiments (Butler et al. 2010) show that tropical warming and polar stratospheric cooling tend to shift the jets poleward, while polar surface warming shifts the jets equatorward. Furthermore, models with an equatorward bias of the westerly winds in their control state have a greater poleward shift under warming scenarios (Kidston and Gerber 2010) . Our results imply that the future evolution of the SH westerly wind position will have a significant impact on the interhemispheric asymmetry of warming.
When applying our results to the global climate system, several caveats must be considered. First, there is no seasonal cycle in our model, which has an important influence on sea ice dynamics. Although our goal was to examine the long-term annual mean climate response, we do not know whether a seasonally varying model with otherwise similar forcing would yield the same results in its annual mean. However, the similarities in sea ice evolution between our model and the Kirtman et al. (2012) model support our annual-mean forcing as a useful coupled model scenario. Our results show that predictions of the ocean-sea ice response to rising CO 2 may change substantially as models move to finer resolution. Given the apparent underestimation of NH sea ice melting in CMIP5 models compared with observations (Collins et al. 2013) , improving the resolution of the ocean and sea ice components of climate models may help to improve their NH sea ice predictions.
The simplified gray radiation scheme used in our atmosphere model provides some limitation, since the water vapor in the model is hard-wired through the optical depth profile. However, this scheme significantly reduces the computational expense of the atmosphere component of the model. This model does not include ozone or aerosols; however, the wind override scenarios provide an analog of the poleward shift of the SH westerly winds due to ozone depletion (Thompson et al. 2011 ). Finally, the domain of the model has only one ocean basin and an ACC-like channel, which pushes our warming results to be more Atlantic-like. The global ocean also comprises the Pacific and Indian Ocean basins with no northern deep sinking regions, which reduces the asymmetry of meridional heat transport from the overturning circulation compared with a one basin model. Nonetheless we propose that the processes leading to asymmetry of warming in our model are relevant to the global climate system, even if the signal is stronger than expected in a global setting.
Conclusions
We have shown that the ocean circulation causes a substantial proportion of the interhemispheric temperature asymmetry, both in the control runs and in 23CO 2 warming experiments. In this model the land-ocean ratio and atmosphere forcing are similar between the hemispheres, so the asymmetry cannot be due to faster warming over land. Yet the ocean geometry is fundamentally asymmetric, with a zonally unbounded channel in the SH midlatitudes and sidewalls everywhere in the NH. The high-latitude warming asymmetry is enhanced when moving from 18 to 0.258 ocean resolution, due to reduced sea ice cover and faster melting in the Arctic region. This major difference in sea ice response appears to be caused by enhanced boundary currents at the eddy-permitting resolution; most of the poleward heat transport in the ocean model is carried by the mean flow rather than transient eddies. By contrast the Southern Ocean poleward heat transport and Antarctic sea ice cover appear to be insensitive to the resolution change. As in the NH, the mean flow dominates the poleward heat transport rather than transient eddies, in both the eddy-permitting model and the parameterized eddy model. When a poleward wind shift and intensification is added to this warming scenario, the warming asymmetry is enhanced and Southern Ocean warming suppressed. The wind override enhances the upper limb of the MOC, leading to greater subduction of heat in the NH and more upwelling of cool deep water in the SH. The asymmetry caused by doubling CO 2 is greater in magnitude than that caused by the wind override, but both perturbations increase the asymmetry when imposed both separately and together.
